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We derived the conditions on certain combinations of integrals of the fragmentation functions of
pion using HERMES data of the sum for the charged pion multiplicities from semi-inclusive deep-
inelastic scattering (SIDIS) off the deuteron target. In our derivation the nucleon parton distribution
functions (PDFs) are assumed to be isospin SU(2) symmetric. Similar conditions have also been
obtained for the fragmentation functions (FFs) of kaon by the sum of charged kaon multiplicities as
well. We have chosen several FFs to study the impact of those conditions we have derived. Among
those FFs, only that produced in the nonlocal chiral-quark model (NLχQM) constantly satisfy the
conditions. Furthermore, the ratios of the strange PDFsS(x) and the nonstrange PDFs Q(x,Q2)
extracted from the charged pion and kaon multiplicities differ from each other significantly. Finally,
we demonstrate that the HERMES pion multiplicity data is unlikely to be compatible with the two
widely-used PDFs, namely CTEQ6M and NNPDF3.0.
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I. INTRODUCTION
Semi-inclusive deep-inelastic scattering, l + N → l + h + X (SIDIS) plays an important role in the study of
the fragmentation functions (FFs). In particular it provides valuable information about the flavour dependence of
fragmentation functions which cannot be obtained from e+e− annihilation data. According to the leading order (LO)
QCD calculation, the sum of the charged pion (pi) multiplicities of SIDIS off a deuteron (D) target, which is denoted
by MpiD(x,Q
2), is given by
MpiD(x,Q
2) ≡ Mpi+D (x,Q2) +Mpi
−
D (x,Q
2) =
dNpi(x,Q2)
dNDIS(x,Q2)
=
∑
q e
2
q
[
qp(x,Q2) + q¯p(x,Q2) + qn(x,Q2) + q¯n(x,Q2)
] ∫ zmax
zmin
Dpiq (z,Q
2)dz∑
q e
2
q [q
p(x,Q2) + q¯p(x,Q2) + qn(x,Q2) + q¯n(x,Q2)]
. (1)
Here q = (u, d, s) and eq are the considered quarks and the corresponding charges, respectively. In addition, q
i(x,Q2)
with i ∈ {p, n} are the relevant nucleon parton distribution functions (PDFs) with momentum fraction x and momen-
tum transferred squared Q2. Notice the superscripts p and n denote proton and neutron. The z is the momentum
fraction of the initial quark in the fragmented hadron. zmax and zmin are usually set by the experimental acceptance.
Finally Dpiq in Eq. (1) is defined in terms of FFs as well and takes the the following form
Dpiq (z,Q
2) = Dpi
+
q (z,Q
2) +Dpi
−
q (z,Q
2). (2)
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2In the derivation of Eq. (1) we have applied the relations
Dpi
+
q (z,Q
2) = Dpi
−
q¯ (z,Q
2), Dpi
−
q (z,Q
2) = Dpi
+
q¯ (z,Q
2), (3)
since pi+ → pi− and q → q¯ under the charge conjugation.
Furthermore, if we assume that the parton distribution functions (PDFs) are exactly SU(2) isospin symmetric, we
have
up(x,Q2) = dn(x,Q2), dp(x,Q2) = un(x,Q2), sp(x,Q2) = sn(x,Q2),
u¯p(x,Q2) = d¯n(x,Q2), d¯p(x,Q2) = u¯n(x,Q2), s¯p(x,Q2) = sn(x,Q2). (4)
The use of Eq. (4) to replace the PDFs in Eq. (1) will lead to the following formula
MpiD(x,Q
2) = Mpi
+
D (x,Q
2) +Mpi
−
D (x,Q
2) =
dNpi(x,Q2)
dNDIS(x,Q2)
=
Q(x,Q2)DpiQ(Q
2) + S(x,Q2)DpiS(Q
2)
5Q(x,Q2) + 2S(x,Q2)
. (5)
Here, we define S(x,Q2) = sp(x,Q2) + s¯p(x,Q2) and Q(x) = up(x,Q2) + dp(x,Q2) + u¯p(x,Q2) + d¯p(x,Q2). DpiQ(Q
2)
and DpiS(Q
2) are also given as follows:
DpiQ(Q
2) = 4
∫ zmax
zmin
Dpi
+
u (z,Q
2)dz +
∫ zmax
zmin
Dpi
+
d (z,Q
2)dz + 4
∫ zmax
zmin
Dpi
−
u (z,Q
2)dz +
∫ zmax
zmin
Dpi
−
d (z,Q
2)dz
= 4Dpi
+
u (Q
2) +Dpi
+
d (Q
2) + 4Dpi
−
u (Q
2) +Dpi
−
d (Q
2),
DpiS(Q
2) = 2
∫ zmax
zmin
Dpi
+
s (z,Q
2)dz + 2
∫ zmax
zmin
Dpi
−
s (z,Q
2)dz = 2Dpi
+
s (Q
2) + 2Dpi
−
s (Q
2). (6)
Note that the FFs of u → pi+ and d → pi− are favored ones, indicating that the quark fragments into the hadron,
whose constituent content has the same flavour. The favored FFs are supposed to be much larger than the unfavored
ones. Hence, one concludes that the magnitudes of DpiQ(Q
2) should be larger than those of DpiS(Q
2) at the same Q2
value.
A similar relation for the kaon multiplicity of SIDIS off deuteron can be derived as follows:
MKD (x,Q
2) ≡MK+D (x,Q2) +MK
−
D (x,Q
2) =
dNK(x,Q2)
dNSIDIS(x,Q2)
=
Q(x,Q2)DKQ (Q
2) + S(x,Q2)DKS (Q
2)
5Q(x,Q2) + 2S(x,Q2)
, (7)
where DKQ (Q
2) and DKS (Q
2) are defined by
DKQ (Q
2) = 4
∫ zmax
zmin
DK
+
u (z,Q
2)dz +
∫ zmax
zmin
DK
+
d (z,Q
2)dz + 4
∫ zmax
zmin
DK
−
u (z,Q
2)dz +
∫ zmax
zmin
DK
−
d (z,Q
2)dz.
= 4DK
+
u (Q
2) +DK
+
d (Q
2) + 4DK
−
u (Q
2) +DK
−
d (Q
2),
DKS (Q
2) = 2
∫ zmax
zmin
DK
+
s (z,Q
2)dz + 2
∫ zmax
zmin
DK
−
s (z,Q
2)dz
= 2DK
+
s (Q
2) + 2DK
−
s (Q
2). (8)
Among the FFs appearing in Eq. (8), only those of u→ K+ and s→ K− are favored ones. Therefore, unlike the pion
case, DKQ (Q
2) is not necessarily larger than DKS (Q
2). There are attempts to extract the strange-quark PDF from the
data of MKD (x,Q
2) by using Eq. (7), but not without controversy [3–5]. We will comment on this issue later.
In this article we analyze the data of HERMES pion and kaon multiplicities [1, 2] according to Eqs. (5) and (7). In
Section II we use Eq. (5) to derive the conditions of constraints on DpiQ(Q
2) and DpiS(Q
2). Furthermore, in the same
section we examine whether these derived constraints are satisfied by the FFs resulting from several parametrizations
and models. We repeat the same analysis for the kaon case by using Eq. (7) in section III. In Section IV we discuss the
inconsistency between S(x,Q2)/Q(x,Q2) extracted from the pion multiplicities and kaon multiplicities. After section
IV, we choose certain parametrizations of PDFs to determine the corresponding values of DpiQ and D
pi
S , assuming that
they are not sensitive to Q2. Finally we summarize our results and make our conclusions in Section VI.
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FIG. 1: The values of DpiQ(Q
2) and DpiS(Q
2) defined in Eq. (6) from various fragmentation functions: HKNS parametrization at
LO (1), HKNS parametrization at NLO (2), DSS parametrization at LO (3), DSS parametrization at NLO (4), NJL-Jet model
(5), nonlocal chiral-quark model (6), AKK08 parametrization (7), SKMA parametrization (8), and DSEHPS parametrization
(9). The yellow blocks represent the allowed regions experimentally. The grey bands stand for the areas corresponding to the
estimated uncertainties of MpiD.
II. THE CONDITIONS ON THE FRAGMENTATION FUNCTIONS OF CHARGED PIONS
In this section we will derive the condition on the integrals of the FFs, DpiQ(Q
2) and DpiS(Q
2). Let us rewrite Eq. (5)
into the following form:
S(x,Q2) =
[
5MpiD(x,Q
2)−DpiQ(Q2)
DpiS(Q
2)− 2MpiD(x,Q2)
]
Q(x,Q2). (9)
It is obvious that the following relations must be true since both of S(x,Q2) and Q(x,Q2) must be positive,
DpiS(Q
2)
2
< MpiD(x,Q
2) ≤ D
pi
Q(Q
2)
5
or
DpiQ(Q
2)
5
≤MpiD(x,Q2) <
DpiS(Q
2)
2
. (10)
In other words, DpiQ(Q
2) and DpiS(Q
2) must satisfy the following relations:
DpiQ(Q
2) ≥ 5MpiD(x,Q2), DpiS(Q2) < 2MpiD(x,Q2) or DpiQ(Q2) ≤ 5MpiD(x,Q2), DpiS(Q2) > 2MpiD(x,Q2). (11)
Note that these conditions are independent of the explicit forms of PDFs, S(x,Q2) and Q(x,Q2).
The experimental results for the charged pion multiplicity MpiD reported by HERMES [1] are listed in Table I. In
particular, we have assigned an alphbet character to each data point. Furthermore, in Table I the related integral
limits are zmin = 0.2 and zmax = 0.8. The parametrization and models of FFs chosen in our study are listed in
Table II. Each FF of the considered parametrization or model is assigned by a number (1 ∼ 9) for convenience. We
have determined the corresponding DpiQ(Q
2) and DpiS(Q
2), and the results are listed in Table III. Since our analysis is
4Data x Q2 MpiD M
K
D
A 0.03349 1.1931 0.800 0.132
B 0.04767 1.3822 0.777 0.126
C 0.06495 1.5553 0.748 0.121
D 0.08729 1.7278 0.717 0.107
E 0.11756 2.1732 0.701 0.106
F 0.16562 3.1672 0.680 0.104
G 0.23975 4.8779 0.676 0.103
H 0.3397 7.4768 0.694 0.111
J 0.45147 10.2355 0.709 0.113
TABLE I: HERMES data of the pion and kaon multiplicities off the deuteron target (Mpi,KD ) at different x and Q
2 values [1].
basesd on the LO QCD formula, in principle one should choose only the LO parametrizations of FFs. Nevertheless
we still consider several NLO parametrizations for comparison.
Notice each data point in Table I is taken at different x and Q2 values. Hence to examine whether the condition
Eq. (11) is satisfied or not, we have carried out the analysis at every data point separately. The numerical results
are presented in Fig. 1. The yellow block at r.h.s represents the allowed region satisfying DpiQ(Q
2) ≥ 5MpiD(x,Q2)
and DpiS(Q
2) < 2MpiD(x,Q
2), whereas the one at l.h.s. denotes the allowed region for DpiQ(Q
2) ≤ 5MpiD(x,Q2) and
DpiS(Q
2) > 2MpiD(x,Q
2). In principle the values of DpiQ(Q
2) and DpiS(Q
2) should be within either block. However, as
can been seen in Fig. 1, our results show a surprise.
We observe that only the Hirai–Kumano–Nagai–Sudoh (HKNS) parametrization for LO (1) and NLO (2) [6], LO
Soleymaninia–Khorramian–Moosavinejad–Arbabifar (SKMA) parametrization [9], and NLχQM (6) satisfy Eq. (11)
at every data point. They are all located inside the r.h.s. block. Actually at data point (J), the values of the NLO de
Florian-Sassotand-Stratmann (DSS) parametrization (4) [8] and NLχQM (6) both locate at the left brink of the r.h.s.
block. It means that their values of DpiQ(Q
2) are very close to 5MpiD, as a result the corresponding S(x,Q
2)/Q(x,Q2)
become small according to Eq. (9). On the other hand, the values of the LO HKNS parametrization (1) and LO
SKMA parametrization at low-x region are near the top edge of the r.h.s. block, indicating that their values of
DpiS(Q
2) are very close to 2MpiD(x,Q
2). Therefore, the corresponding S(x,Q2)/Q(x,Q2) become huge. We also
notice that the values of DpiQ(Q
2) from LO HKNS parametrization (1) are particularly large. Moreover, the DSS
parametrization values at low Q2 are out of the allowed region, but they become more close to the left edge of the
r.h.s. block as Q2 and x increase. Besides, we notice that NJL-Jet model (5), the de Florian-Sassotand–Epele–
Herna´nderz-Pinto–Stratmann (DSEHS, 9) and Albino–Kniehl–Kramer 08 (AKK08, 7) [7] parametrizations fail to
meet the requirement of Eq. (11) at all data points. Hence the corresponding values of S(x,Q2)/Q(x,Q2) are always
negative. Here we want to make a remark on DSEHS parametrization in particular. DSEHS parametrization is
the most updated result of global analysis based on various experimental data including the HERMES data used
here [10]. It is surprising to find that it does not satisfy our conditions derived here. This unexpected finding is
probably due to the fact that DSEHS is a NLO fitting result. A more careful investigation into this issue is desirable
but definitely beyond the scope of this article.
Number Name Order Category Reference
1 HKNS LO Parametrization [6]
2 HKNS NLO Parametrization [6]
3 DSS LO Parametrization [8]
4 DSS NLO Parametrization [8]
5 NJL-Jet − Model [20, 21]
6 NLχQM − Model [22–24]
7 AKK08 NLO Parametrization [7]
8 SKMA LO Parametrization [9]
9 DSEHS NLO Parametrization [10]
TABLE II: Various fragmentation functions chosen in this article. See the text for details.
5Parametrization and model Q2 [GeV2] Dpi
+
u D
pi+
d D
pi−
u D
pi−
d D
pi
Q D
pi+
s D
pi−
s D
pi
S
HKNS(LO) 1.1931 0.80 0.35 0.35 0.80 5.76 0.35 0.35 1.40
HKNS(LO) 10.2355 0.62 0.25 0.25 0.62 4.35 0.25 0.25 1.00
HKNS(NLO) 1.1931 0.64 0.21 0.21 0.64 4.23 0.21 0.21 0.83
HKNS(NLO) 10.2355 0.52 0.19 0.19 0.52 3.53 0.19 0.19 0.74
DSS(LO) 1.1931 0.47 0.20 0.20 0.53 3.38 0.17 0.17 0.67
DSS(LO) 10.2355 0.44 0.23 0.23 0.49 3.41 0.21 0.21 0.82
DSS(NLO) 1.1931 0.45 0.20 0.20 0.51 3.31 0.17 0.17 0.67
DSS(NLO) 10.2355 0.41 0.20 0.20 0.46 3.12 0.18 0.18 0.74
NJL-Jet 1.1931 0.46 0.12 0.12 0.45 2.83 0.08 0.08 0.32
NJL-Jet 10.2355 0.38 0.10 0.10 0.38 2.38 0.07 0.07 0.28
NLχQM 1.1931 0.68 0.22 0.22 0.68 4.50 0.07 0.07 0.28
NLχQM 10.2355 0.54 0.16 0.16 0.55 3.53 0.05 0.05 0.21
AKK08 1.1931 0.26 0.25 0.25 0.26 2.51 0.02 0.02 0.07
AKK08 10.2355 0.33 0.31 0.31 0.33 3.19 0.11 0.11 0.45
SKMA 1.1931 0.60 0.24 0.24 0.60 4.19 0.24 0.24 0.94
SKMA 10.2355 0.48 0.18 0.18 0.48 3.27 0.18 0.18 0.72
DSEHS 1.1931 0.47 0.24 0.24 0.47 3.55 0.30 0.30 1.21
DSEHS 10.2355 0.39 0.21 0.21 0.39 2.97 0.24 0.24 0.97
TABLE III: The integrated FFs over z for each channel at Q2 = 1.1931 GeV2 and 10.2355 GeV2. The integration range is from
zmin = 0.2 to zmax=0.8.
Since the value of DpiQ(Q
2) is a combination of the integrals of four FFs, it is instructive to investigate the
individual contribution of each FF. The results are listed in Table III. Among the four FFs contributing to
DpiQ(Q
2), Dpi
+
u (Q
2), and Dpi
−
d (Q
2) are obviously the dominant ones, because both of them are favored FFs. The
FFs satisfying our condition Eq. (11) all give quite large values of Dpi
+
u and D
pi−
d (≥ 0.5). On the contrary, the
FFs which fail to meet the requirement of Eq. (11) all result in smaller Dpi
+
u and D
pi−
d (< 0.5). In other words,
our conditions seem to prefer the u quark to be fragmented into pi+ rather than to other kinds of hadrons, such as K+.
Note that the situation of DpiS(Q
2) is completely different. The NJL-Jet model, NLχQM, and AKK08 parametriza-
tion all lead to very small values of DpiS(Q
2) when compared with other FFs. The NJL-Jet model and AKK08
parametrization both, however, violate our conditions, but NLχQM meets the requirement of Eq. (11). The reason
is that the values for DpiQ(Q
2) of NLχQM are substantially large than the other two. This implies that the value of
DpiQ(Q
2) plays a more important role to meet the criterion. We would like to emphasize that although both the NJL-
Jet model and NLχQM are chiral models with the same couple-channel jet algorithm, the results of the two models
are significantly different. In particular, while the NLJ-Jet model violates the constraints at all data points, NLχQM
meets the requirement of these constraints. In both models the corresponding model scales Q20 are determined by
fitting one of the FFs, usually, Dpi
+
u (z,Q
2). One is able to obtain the FFs at arbitrary Q2 by applying the QCD
evolution. Here we use QCDNUM17 [25, 26].
III. THE CONSTRAINT ON THE FRAGMENTATION FUNCTIONS OF CHARGED KAONS
In this section, we apply the same analysis to the kaon multiplicity. Again we rewrite Eq. (7) as follows:
S(x,Q2) =
[
5MKD (x,Q
2)−DKQ (Q2)
DKS (Q
2)− 2MKD (x,Q2)
]
Q(x,Q2). (12)
6Model Q2 DK
+
u D
K+
d D
K−
u D
K−
d D
K
Q D
K+
s D
K−
s D
K
S
HKNS(LO) 1.1931 0.18 0.12 0.12 0.12 1.46 0.12 0.33 0.90
HKNS(LO) 10.2355 0.16 0.10 0.10 0.10 1.21 0.10 0.29 0.77
HKNS(NLO) 1.1931 0.14 0.06 0.06 0.06 0.89 0.06 0.18 0.48
HKNS(NLO) 10.2355 0.14 0.07 0.07 0.07 0.98 0.07 0.18 0.51
DSS(LO) 1.1931 0.10 0.01 0.01 0.01 0.43 0.01 0.70 1.41
DSS(LO) 10.2355 0.09 0.02 0.02 0.02 0.44 0.02 0.55 1.13
DSS(NLO) 1.1931 0.10 0.01 0.01 0.01 0.47 0.01 0.62 1.27
DSS(NLO) 10.2355 0.09 0.02 0.02 0.02 0.44 0.02 0.49 1.00
NJL-JET 1.1931 0.15 0.05 0.06 0.06 0.96 0.04 0.40 0.85
NJL-JET 10.2355 0.13 0.05 0.05 0.05 0.82 0.04 0.32 0.72
NLχQM 1.1931 0.03 0.02 0.01 0.01 0.20 0.01 0.42 0.87
NLχQM 10.2355 0.03 0.02 0.02 0.02 0.33 0.01 0.39 0.81
AKK08 1.1931 0.20 0.05 0.02 0.05 0.97 0.10 0.28 0.76
AKK08 10.2355 0.18 0.05 0.03 0.05 0.99 0.10 0.25 0.70
SKMA 1.1931 0.13 0.07 0.07 0.07 0.93 0.07 0.27 0.67
SKMA 10.2355 0.12 0.06 0.06 0.06 0.80 0.06 0.23 0.58
TABLE IV: The integrated FFs over z for each channel at Q2 = 1.1931 GeV2 and 10.2355 GeV2. The integration range is from
zmin = 0.2 to zmax=0.8.
Furthermore, similar to the pion case, we require that the following relations to be held, considering the positiveness
of PDFs:
DKS (Q
2)
2
< MKD (x,Q
2) ≤ D
K
Q (Q
2)
5
or
DKQ (Q
2)
5
≤MKD (x,Q2) <
DKS (Q
2)
2
. (13)
We present the results of DKQ (Q
2) and DKS (Q
2) in Fig. 2. The yellow block at r.h.s represents the region satisfying
DKQ (Q
2) ≥ 5MKD (x,Q2) and DKS (Q2) < 2MKD (x,Q2). The l.h.s. block denotes the area for DKQ (Q2) ≤ 5MKd (x,Q2)
and DKS (Q
2) > 2MKd (x,Q
2). The values of DKQ and D
K
S must be within either block otherwise the value of
S(x,Q2)/Q(x,Q2) will turn to negative. We notice that only the results of LO (3) and NLO (4) DSS parametrizations
and NLχQM (6) satisfy the constraints given in Eq. (13). They pass the test at all data points. In the contrast,
other FFs fail to meet the criterion at every data point. From Fig. 2, we know the points corresponding to DSS
parametrizations (3 and 4) are on the right brink of the l.h.s. block but the NLχQM result (6) locates deep inside
the r.h.s. block. It is obvious that the value of DKQ plays crucial role here. Unless its D
K
Q (Q
2) is smaller than 0.5,
the FF would fail to make S(x,Q2)/Q(x,Q2) positive. We find that DKQ (Q
2) from DSS parametrizations are slightly
below 0.5, and DKQ from NLχQM are even smaller, around 0.2 ∼ 0.3. Although the value of DKS plays minor role
with respect to the criterion, but it will be vital in extracting S(x,Q2) from the MKD (x,Q
2) data. We notice that the
DSS parametrizations produce relatively large DKS (Q
2) (≥ 1.0). The values of DKS (Q2) from the other FFs are all
below 1.0.
The individual contributions of each FF are listed in Table IV. The favored ones, u→ K+ and s→ K− are larger
than the unfavored ones as expected. We notice that, being compared with the other FFs, DK
+
u of NLχQM and DSS
parametrizations, LO and NLO, are substantially smaller. It is also worthy of mentioning that the DK
−
s (Q
2) of DSS
parametrizations are particularly large. Our observation is that the conditions derived here seem to prefer the FFs
with large DpiQ(Q
2) but small DKQ (Q
2). In other words, our analysis shows that within the LO QCD calculations, the
HERMES data suggests that more K− meson to be fragmented from s quark rather than u¯ quark, and more K+ to
be fragmented from s¯ quark rather than u quark. That is, most of the kaons should be fragmented from the quarks
with strangeness. However we have to emphasize that this observation is only qualitative and within the LO QCD
analysis.
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FIG. 2: The values of DKQ (Q
2) and DKS (Q
2) defined in Eq. (8) from various fragmentation functions: HKNS parametrization
at LO (1), HKNS parametrization at NLO (2), DSS parametrization at LO (3), DSS parametrization at NLO (4), NJL-Jet
model (5), nonlocal chiral-quark model (6), AKK08 parametrization (7), and SKMA parametrization (8). The yellow blocks
represent the allowed regions experimentally. The grey bands stand for the areas corresponding to the estimated uncertainties
of MKD .
IV. RELATIONS BETWEEN THE CHARGED KAON AND PION MULTIPLICITIES
In this section, we address the issue of consistency between the charged pion and kaon multiplicities. From Eqs. (9)
and (12), one obtains
S(x,Q2)
Q(x,Q2)
=
5MpiD(x,Q
2)−DpiQ(Q2)
DpiS(Q
2)− 2MpiD(x,Q2)
=
5MKD (x,Q
2)−DKQ (Q2)
DKS (Q
2)− 2MKD (x,Q2)
. (14)
Hence, one can determine S(x,Q2)/Q(x,Q2) from DpiQ(Q
2), DpiS(Q
2), and MpiD(x)(x,Q
2). It is also possible to employ
DKQ (Q
2), DKS (Q
2), and MKD (x,Q
2) to decide the values of S(x,Q2)/Q(x,Q2). Naturally, the two results should be
consistent. Therefore, once the values of Dpi,KQ (Q
2) and Dpi,KS (Q
2) are known, Eq. (14) becomes a relation between
MpiD(x,Q
2) and MKD (x,Q
2).
Furthermore, one can directly obtain S(x,Q2)/Q(x,Q2) from available PDFs. Here we take two parametrizations
as examples: CTEQ6M [27] and NNPDF3.0 [28]. One may expect naively that S(x,Q2)/Q(x,Q2) from these
approaches should be all consistent with each other. However our analyses shows otherwise. As a matter of fact,
from Fig. 3, one finds that the results of S(x,Q2)/Q(x,Q2) derived from MpiD(x,Q
2) and MKD (x,Q
2) are different
from each other. In reaching the results in Fig. 3, the values of Dpi,KQ (Q
2) and Dpi,KS (Q
2) produced from NLχQM
are employed, because it is the only one which is able to make S(x,Q2)/Q(x,Q2) to be always positive among the
chosen FFs in this study.
For the data taken at the low x and Q2 values, the S(x,Q2)/Q(x,Q2) extracted from MpiD are smaller than
the ones from MKD . Interestingly, however, the situation is changed as x and Q
2 increase. The results from MpiD
8decrease, whereas the results from MKD are very stable and are around 0.5. Only at the data points (D) and (E)
(0.3 ≤ x ≤ 0.5), the two results are consistent. They are far away from the results directly from the PDFs, either
CTQE6M or NNPDF3.0. S(x,Q2)/Q(x,Q2) from CTQE6M and NNPDF3.0 are very close to each other, but they
are much smaller than the ones from charged mesons multiplicities except at data points (H) and (J), where the
results from the pion multiplicities are quite close to the results from the PDFs. On the contrary, the results from
MKD are always larger than the one from PDFs.
In Fig. 4, we present similar analyses usingDpi,KQ (Q
2) andDpi,KS (Q
2) from the LO and NLO DSS parametrizations. It
is found that S(x,Q2)/Q(x,Q2) extracted form MKD become quite close to the values from CTEQ6M and NNPDF3.0.
After a close look, one realizes that the values of S(x,Q2)/Q(x,Q2) from MKD are still larger than the PDF results.
Remember that DKS of the DSS parametrizations, both at LO and NLO, are significantly larger than others. Since
MKD (x) is related to S(x) by the product S(x,Q
2)DKS (Q
2), consequently, S(x,Q2) will increase if DKS (Q
2) decreases,
and vice versa. This explains why the S(x,Q2)/Q(x,Q2) from MKD with the NLχQM value for D
K
S is much larger
than the ones with the DSS values, because the NLχQM value of DKS is only about 0.8 but the DSS ones are around
1.2 (LO) or 1.1 (NLO). Moreover, one needs even larger values for DKS (Q
2) to reproduce the values of CTEQ6M and
NNPDF3.0. On the other hands, due to the fact that they are negative, i.e. physically unacceptable, one cannot
extract S(x,Q2)/Q(x,Q2) from MpiD with the DSS values of D
pi
Q,S .
Next, we turn to the case of the HKNS parametrizations. Let us first take a look of the left panel of Fig. 5, in which
S(x,Q2)/Q(x,Q2) are extracted from Mpi,KD with the LO HKNS values of D
pi
Q(Q
2) and DpiS(Q
2) as inputs. The results
from MpiD(x,Q
2) are positive with enormous magnitude. On the other hand, the result remains positive but much
smaller, when NLO HKNS DpiQ(Q
2) and DpiS(Q
2) are used. Unfortunately, both LO and NLO HKNS parametrizations
cannot make S(x,Q2)/Q(x,Q2) from MKD be positive at all data points.
We conclude that, in the LO QCD analysis and with the Dpi,KQ,S (Q
2) of the FFs chosen in our study, there is
inconsistency between S(x,Q2)/Q(x,Q2) derived from the pion and kaon multiplicity data. Moreover, even the same
data set of Mpi,KD (x,Q
2) is used, the generated S(x,Q2)/Q(x,Q2) from various employed FFs are different from each
other. It means that the extraction of the strange-quark PDF from the charged hadron multiplicities of SIDIS depends
strongly on the the choice of the FFs. Such uncertainty should be taken into account in the extraction o S(x,Q2) as
conducted in [2].
V. CHARGED MESON MULTIPLICITIES AND PARTON DISTRIBUTION FUNCTIONS
In previous section, we find that the values of S(x,Q2)/Q(x,Q2) directly taken from CTEQ6M and NNPDF3.0
differ from the ones extracted from the HERMES data significantly. Because of this discrepancy, naturally we would
like to see with what values of Dpi,KQ (Q
2) and Dpi,KQ (Q
2) can one arrives at consistent results. From Tables III and
IV, we notice that the variations of Dpi,KQ (Q
2) and Dpi,KS (Q
2) with respect to the change of Q2 are very mild. With
this observation as well as the assumption that Dpi,KQ (Q
2) and Dpi,KS (Q
2) are constants, then we find
MpiD(x,Q
2) ≈ Q(x,Q
2)DpiQ + S(x,Q
2)DpiS
5Q(x,Q2) + 2S(x,Q2)
, MKD (x,Q
2) ≈ Q(x,Q
2)DKQ + S(x,Q
2)DKS
5Q(x,Q2) + 2S(x,Q2)
. (15)
Thus, one can fit Dpi,KQ and D
pi,K
S from the data of M
pi
D(x,Q
2) and MKD (x,Q
2) using the values of S(x,Q2) and
Q(x,Q2) taken from certain parametrizations of PDFs. The numbers in Tables. III and III together with the results
of the fit may shed some light in understanding the puzzle and explaining why the values of S(x,Q2)/Q(x,Q2)
extracted from MpiD and M
K
D in the previous section are so different from the ones directly from the PDFs.
Let us focus the pion case first. It is a surprise to find that the fit values of DpiS are enormous in both cases of
CTEQ6M and NNPDF3.0 parametrizations. In other words, in order to explain the data of HERMES pion multiplicity
with CTEQ6M or NNPDF3.0, one needs to put DpiS  DpiQ. However, as we have mentioned already in Section II, DpiQ
should be far more larger than DpiS , since D
pi
Q contains the integrals of the favored fragmentation functions D
pi+
u (z,Q
2)
and Dpi
−
d (z,Q
2). From Table. III one sees that DpiQ(Q
2) are indeed much larger than DpiS(Q
2) in magnitudes. That is
the reason why the derived S(x,Q2)/Q(x,Q2) from MpiD(x,Q
2) are so different from the PDF values. More careful
comparison shows that DpiQ in Table III are all larger than the fit values of D
pi
Q shown in TableV. On the contrary,
all DpiS in Table III are all smaller than the fit values of D
pi
S by one order magnitude. Hence, one expects the values
of S(x,Q2)/Q(x,Q2) extracted from the HERMES pion multiplicity with the values of DpiQ(Q
2) and DpiS(Q
2) from
Table III are much larger than those from CTEQ6M and NNPDF3.0. This has been verified in Figs. 3, 4, and 5.
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FIG. 3: S(x,Q2)/Q(x,Q2) extracted from CTEQ6, NNPDF and the results of S(x,Q2)/Q(x,Q2) from HERMES data of MpiD
and MKD with the D
pi,K
Q and D
pi,K
S from the nonlocal chiral-quark model.
æ
æ
æ
æ
æ
æ æ
æ
æ
à
à à
à à à à
à àììì ì ì ì ì ì ì
òò ò ò ò ò ò ò ò
0.0 0.1 0.2 0.3 0.4 0.5
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
x
SHx
LQ
HxL
PionHHERMESL with DSSHLOL
KaonHHERMESL with DSSHLOL
CTEQ6M
NNPDF3.0ò
ì
à
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
à
à à
à à à à
à à
ììì ì ì ì ì ì ì
òò ò ò ò ò ò ò ò
0.0 0.1 0.2 0.3 0.4 0.5
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
x
SHx
LQ
HxL
PionHHERMESL with DSSHNLOL
KaonHHERMESL with DSSHNLOL
CTEQ6M
NNPDF3.0ò
ì
à
æ
FIG. 4: S(x,Q2)/Q(x,Q2) extracted from CTEQ6, NNPDF and the results of S(x,Q2)/Q(x,Q2) from HERMES data of MpiD
and MKD with the D
pi,K
Q and D
pi,K
S from DSS LO (left) and NLO (right) parametrizations.
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FIG. 5: S(x,Q2)/Q(x,Q2) extracted from CTEQ6, NNPDF and the results of S(x,Q2)/Q(x,Q2) from HERMES data of MpiD
and MKD with the D
pi,K
Q and D
pi,K
S from HKNS LO (left) and NLO (right) parametrizations.
Next, for the kaon case, we find the fit values of DKS are significantly larger than the values listed in Table III.
The fit values of DKQ are close to those produced from the DSS Parametrizations and NLχQM. As a matter of fact,
the DSS parametrizations generate the largest values of DKS (Q
2) among our choices of the FFs, but their values
are still less than the half of the fit values shown in Table V. Since MKD is related to D
K
S by the product of D
K
S
and S(x,Q2), therefore, S(x,Q2) extracted from HERMES kaon data are always too large compared with those from
CTEQ6M and NNPDF3.0. The values of DKS from NLχQM are smaller than the DSS ones, consequently the resultant
S(x,Q2)/Q(x,Q2) are larger than that of DSS. This fact is transparent by taking a closer look of Figs. 3 and 4.
We also try to carry out the fit using only the data points with Q2 ≥ 2 GeV2. The results of DpiQ and DKQ does not
change much. On the other hand, the values of DpiS become much smaller. However, even when only the data points
of Q2 ≥ 2 GeV2 are used, DpiS is still larger than DpiQ. Furthermore we find DKS also becomes smaller. In particular,
in the case of NNPDF3.0 (LO) DKS even turns out to be negative!
Our result suggests that HERMES pion data are unlikely to be compatible with CTEQ6M and NNPDF3.0
10
FF Data CTEQ6M [27] NNPDF3.0 (LO) [28] NNPDF3.0 (NLO) [28]
DpiQ A-J 2.719 3.305 2.343
DpiS A-J 13.655 14.521 24.352
DKQ A-J 0.330 0.483 0.256
DKS A-J 3.655 3.547 5.786
DpiQ E-J 3.293 3.337 3.270
DpiS E-J 4.304 4.832 5.126
DKQ E-J 0.518 0.537 0.516
DKS E-J 0.311 -0.139 0.381
TABLE V: The values of DpiQ, D
pi
S , D
K
Q , and D
K
S , fitted from HERMES charged pion multiplicities with certain PDFs as inputs.
parametrizations within the framework of LO QCD analysis. It is anticipated that this scenario persists for other FFs
than those used in our study. This is because the favored FFs are definitely larger than the unfavored ones, hence no
FF would give DpiS  DpiQ. It is interesting to see whether the situation will be changed if other PDFs are adopted.
We also find that to reproduce the HERMES data of MKD with CTEQ6M or NNPDF3.0, one needs large D
K
S and
small DKQ . Furthermore, none of our chosen FFs would really match this criteria although the DSS parametrizations
seems to be the most promising ones since they are at the edge of fulfilling this goal.
VI. SUMMARY
In summary, we used the HERMES SIDIS data of MpiD and M
K
D to derive conditions on the FFs and find that only
NLχQM satisfy those conditions among all publicly available FFs. The preferred regions of favoured Dpi,KQ and D
pi,K
S
should meet the inequalities of DpiQ  DKQ and DKS  DKQ . This is consistent with the naive expectation from the
suppression of non-strange quark (u) fragmentation into K+ (us¯) because of the production of s¯s pair. Furthermore,
we have shown that there exists inconsistency between the results of S(x,Q2)/Q(x,Q2) extracted from the HERMES
data of charged pion and kaon multiplicities, if we use the FFs of NLχQM. We also find that the HERMES pion data
is unlikely to be compatible with the CTEQ6M and NNPDF3.0 as the PDFs even without referring any specific FFs.
Our current study in this article is based on two assumptions: 1) the leading order QCD formula for the multiplicity
and 2) isospin symmetric nucleon PDFs . To go beyond these two assumptions, it is necessary to extend our analysis
substantially and will be reported elsewhere.
Acknowledgments
We would like to thank Gunar Schnell for helpful comments and suggestions. C. W. K. and D. J. Y. are supported
by the grant 102-2112-M-033-005-MY3 from Ministry of Science and Technology (MOST) of Taiwan. F. J. J. is
supported by MOST of Taiwan (grant No. 102-2112-M-003-004-MY3).
[1] HERMES collaboration, A. Airapetian et al.,Phys. Rev. D 87, 074029 (2013).
[2] HERMES collaboration, A. Airapetian et al.,Phys. Rev. D 89, 097101 (2014).
[3] M. Stolarski, Phys. Rev. D 92, 098101 (2015)
[4] W. C. Chang and J. C. Peng, Phys. Rev. D 92, 054020 (2015).
[5] E. C. Aschenauer et al. [HERMES Collaboration],Phys. Rev. D 92, 098102 (2015)
[6] M. Hirai, S. Kumano,T. -H.Nagai and K. Sudoh, Phys. Rev. D 75, 094009 (2007).
[7] S. Albino, B. A. Kniehl and G. Kramer, Nucl. Phys. B803, 42(2008).
[8] D. de Florian, R. Sassotand and M. Stratmann, Phys. Rev. D 75, 114010 (2007); 76, 074033 (2007).
[9] M. Soleymaninia, A. N. Khorramian, S. M.Moosavinejad and F. Arbabifar, Phys. Rev. D88, 054019 (2013).
[10] D. de Florian, R. Sassotand, M. Epele, R. J.Herna´nderz-Pinto and M. Stratmann, Phys. Rev. D 91, 014035 (2015).
[11] J. Collins, Foundations of perturbative QCD, Cambridgae Monographs on Particle Physics, Nuclear Physics and Cosmology.
Cambridge University Press, Cambridge U.K. (2011).
[12] A. Bacchetta, A. Courtoy and M. Radici, JHEP 1303,119 (2013).
11
[13] HERMES collaboration, A. Airapetian et al., JHEP 0806,017 (2008).
[14] COMPASS collaboration, C. Adolph et al., Phys. Lett B713, 10 (2012).
[15] BELLE collaboration, A. Vossen et al., Phys. Rev. Lett. 107, 072004 (2011).
[16] A. Manohar and H. Georgi, Nucl. Phys. B234, 189 (1984).
[17] J. Collins, Nucl. Phys. B396, 161 (1993).
[18] A. Bacchetta, R. Kundu, A. Metz and P. J. Mulders, Phys. Rev. D 65, 594021 (2002).
[19] A. Bacchetta and M. Radici, Phys. Rev. D 74, 114007 (2006).
[20] H. H. Matevosyan, A. W. Thomas and W. Bentz, Phys. Rev. D 83, 074003 (2011)
[21] H. H. Matevosyan, A. W. Thomas and W. Bentz, Phys. Rev. D 83, 114010 (2011).
[22] S. i. Nam and C. W. Kao, Phys. Rev. D 85, 034023 (2012).
[23] S. i. Nam and C. W. Kao, Phys. Rev. D 85, 094023 (2012).
[24] D. J. Yang, F. J. Jiang, C. W. Kao and S. i. Nam, Phys. Rev. D 87, 094077 (2013).
[25] M. Botje, Comput. Phys. Commun. 182, 490 (2011).
[26] QCDNUM17, http://www.nikhef.nl/user/h24/qcdnum.
[27] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. M. Nadolsky and W. K. Tung, JHEP 0207, 012 (2002).
[28] R. D. Ball et al. [NNPDF Collaboration], JHEP 1504, 040 (2015).
